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ABSTRACT 
Higher plants are frequently used as model organisms in Calvin Benson Bassham cycle 
(CBB) research given their ease of use in the laboratory. The expression of CBB genes in higher 
plants is well known to be regulated by light, sugar and plant development, yet no focus has 
been given to lower plant CBB gene expression regulation. Marchantia polymorpha, a 
bryophyte in the Marchantiphyta division and newly emerging model liverwort plant, has been 
used in this study to demonstrate its potential use in CBB promoter evolution research. 
Transferring plants to darkness caused the downregulation of CBB genes MpSBPase, MpFBPase, 
MpPRK, MpRbcS1A and MpRbcS1B in Marchantia coinciding with the downregulation of these 
genes in higher plants. Marchantia CBB gene expression response to the exogenous sugars 
sucrose and glucose was also weakly downregulated, similar to higher plant CBB gene 
downregulation. However, a CBB promoter motif analysis between Marchantia and a higher 
plant Arabidopsis thaliana showed a major difference in over-represented motifs with an 
affinity to bind transcription factors responsive to light, sugar and development in MpCBB 
promoters compared to AtCBB promoters. Given that Marchantia is one of the earliest land 
plants, the findings here suggest that good model to understand the evolution of control of 
photosynthesis-related gene expression in the evolution of highly differentiated flowering 
plants. 
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CHAPTER 1:  INTRODUCTION 
Among the many types of photosynthetic mechanisms, the only pathway to 
photosynthetic carbon reduction in plants is the Calvin cycle (CBB) to fix carbon dioxide into 
sugar. It is established that higher plant genes expressing CBB enzymes are regulated by light, 
hexose and plant development (Conley & Shih, 1995, Koßmann et al., 1992, Krapp et al., 1993, 
Raines et al., 1991, Yamaoka et al., 2016). However, it is unknown if this coordination of CBB 
gene expression exists in early plants.  The light-independent RbcS mRNA abundance in green 
Marchantia as well as the weak photosynthetic gene light response in mosses offers a clue of 
possible light co-regulation (Argüello-Astorga & Herrera-Estrella, 1998, Suzuki et al., 1999).  One 
can only speculate the outcomes of Marchantialian CBB gene regulation in the presence of 
sucrose and glucose. Sugar functions as a signaling molecule that can downregulate 
photosynthesis genes as a negative feedback mechanism to photosynthetic metabolism in 
many plants (Kunz et al., 2014). If this is the case in higher plants, then a sugar-mediated 
downregulatory mechanism may have existed as far back as early land plants to maintain land 
plant energy homeostasis. Research is abundant in Marchantia growth and development, but 
molecular genetics of liverwort development is underpublished (Bowman et al., 2016b, 
Shimamura, 2016). 
The moss Physcomitrella patens, the first bryophyte to be sequenced has been the 
subject of a considerable volume of photosynthesis research (Busch et al., 2013, Thornton et 
al., 2005). However, liverworts have now been established as the basal group of multicellular 
land plants (Ligrone et al., 2012), but have received far less attention. M. polymorpha is a newly 
emerging plant model with a vegetative multicellular haploid gametophytic phase and a diploid 
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sporophytic phase in common with all bryophytes (Shimamura, 2016). This liverwort diverged 
about 470 million years ago during the Mid-Ordovician Period in the Paleozoic Era (Figure 1), 
and the divergence from bryophyte plants to the angiosperms spans about 320 million years. 
This evolutionary divergence places this extant liverwort at a unique position to observe 
conserved regulatory gene function that have stood the test of time after many whole-genome 
duplication events (Pires & Dolan, 2012). In fact, these responses may be the key to optimize 
higher plant CBB gene expression patterns by observing evolutionary trends in light and sugar 
response. More efficient patterns of CBB gene expression may be found by modulating gene 
responsiveness to those regulatory signals (Sun et al., 2003).  
Therefore, this study seeks to uncover the potential of M. polymorpha as a model for 
understanding changes in genetic controls on photosynthesis between early land plants and 
angiosperms. Those regulation patterns can then be compared with known gene patterns in 
well-studied higher crop models to establish M. polymorpha as a novel evolutionary plant 
model of gene regulation (Table 1). Results from this study have found some unexpected 
findings of an apparent lack of light, sugar and developmental coordination in M. polymorpha 
CBB genes that tests previous aforementioned knowledge on CBB gene regulation (Raines et al., 
1999). The specific aims below were targeted using the following approaches in molecular 
genetics to elucidate CBB gene regulation this early model plant. 
1. Determine M. polymorpha CBB gene expression response from continuous light to 
darkness. The dark response treatment was useful in observing gradual changes in light-
responsive gene regulation over given time periods in the dark.   
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2. Determine M. polymorpha CBB gene expression response to sucrose and glucose. The 
sugar response treatment was utilized to observe inhibition of CBB genes in different 
supplemental carbohydrate sources.  
3. Discover over-represented motifs in M. polymorpha and A. thaliana CBB promoters. The 
promoter motif scanning technique was a powerful way to infer gene regulatory 
networks controlling CBB gene regulation by simply examining the cis-regulatory motif 
patterns that are shared among Calvin cycle promoters.  
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CHAPTER 2:  MATERIALS AND METHODS 
2.1 Effect of Darkness on Marchantia CBB Gene Expression 
2.1.1 Plant Material and Dark Response Treatment 
 Marchantia polymorpha Cam-1 strain (male) used in this study was obtained from a 
local source at Cambridge University, courtesy of the Haseloff laboratory. Liverwort 
maintenance and experiments took place in sterile conditions at 60 µl·m-2·s-1 of white light 
intensity in a Percival growth chamber at 22°C ± 1°C. Gemmae were plated in 40 mL deep-well 
Petri plates (micro-fiber seal) in ½ B5 solid media plus vitamins (Duchefa cat. G0210) with 1% 
agar and no sugar. Plants were grown in constant light for three weeks as further described in 
Table 2 and Figure 2. Plates were rotated every two to three days to randomize effects of 
variation in environmental conditions within the chamber. After three weeks of growth in 
continuous light, three plates were designated as a control and were maintained in constant 
light. All other plates were randomly allocated for the following dark treatments with three 
plates per treatment: 4 hours (h), 8 h, 12 h, 16 h, 24 h, 36 h, 48 h, and 72 h. Darkness was 
imposed by wrapping plates in double folded reflective aluminum foil and kept in the growth 
chamber for the aforementioned times to maintain the same temperature conditions as in the 
light.  
A separate dark response experiment with four-week old thalli was measured at only 8 
hours of darkness to observe thalli age effects. For this dark response, gemmae was plated in 
25 mL shallow Petri plates (micro-fiber seal) in ½ B5 solid media plus vitamins (Duchefa cat. 
G0210) with 1% agar and no sugar. Plants were grown in constant light for four weeks and 
rotated as further mentioned in Table 3. After four weeks, three replicate plates were 
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designated as a continuous light control. Three other replicate plates were wrapped with 
double foil for 8 hours to simulate dark conditions. Three-week-old thalli subjected to 8 hours 
of dark were the same plates used in the dark range experiment discussed above.  
Thalli pieces from one plant per three replicate plates were harvested for all controls 
and treatments to randomize plate positional effects in the growth chamber. Rhizoid, gemmae 
and gemma cup tissue were removed during tissue harvest. Ethanol-washed blades were used 
to cut thalli with sterile blade changes between treatments. Cut thalli were placed in labelled 
1.5 µL microcentrifuge tubes, placed into liquid nitrogen and stored at -80°C to preserve RNA 
quality. Control samples in continuous light were processed in a well-lit room while dark 
treated samples were processed with the room lights off to avoid acute light stimulation 
following the dark treatment.  
 
2.1.2 RNA Isolation 
Thalli tissue was ground in its tube on powdered dry ice (-78°C) using a sterile plastic 
pestle. About 50 mg of ground tissue was used for RNA isolation. RNA was isolated from three-
week-old thalli using the RNeasy Mini Kit (using an extraction buffer with 0.01% v/v β-
mercaptoethanol added, Qiagen) and quantified with NanoDrop (“RNA-40”). RNA was quality-
checked with a 1% agarose gel by detecting the presence of clear rRNA bands without genomic 
DNA contamination. All RNA samples were stored at -20°C. The four-week-old thalli underwent 
the same processing with the exception of a different RNA isolation kit, the SurePrep 
RNA/Protein purification kit (using an extraction buffer with 0.01% v/v β-mercaptoethanol 
added, Fisher BioReagents), to isolate both RNA and protein from the same thalli tissue since 
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the Qiagen kit only isolates RNA. Both kits purify RNA within the range of desired transcript 
lengths (Table 4) to ensure that the transcripts of interest are being isolated. In addition, only 
the relative differences of RNA transcript abundance between treatment and control were 
studied. Hence, any difference in absolute RNA abundance from two different RNA isolation 
procedures is immaterial.     
 
2.1.3 RT-qPCR 
MpCBB genes of interest were selected in M. polymorpha based on the highest protein 
product homology with higher plant protein homologs (Table 5). Genes of interest include 
FRUCTOSE-1,6-BISPHOSPHATASE (MpFBPase), RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL 
CHAIN 1A (MpRbcS1A), RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL CHAIN 1B (MpRbcS1B), 
PHOSPHORIBULOKINASE (MpPRK) and SEDOHEPTULOSE-1,7-BISPHOSPHATASE (MpSBPase) for 
RT-qPCR analysis. The naming convention for Marchantia RbcS genes was based on 
independent discretion from protein homology results in Table 5. The Mapoly0011s0071 gene 
locus was named MpRbcS1A due to a higher homology with AtRbcS1A between respective 
protein products than the Mapoly0132s0032 gene locus, which was aptly named MpRbcS1B to 
still infer AtRbcS1A homology. Number and letter designations for these gene names follow 
naming rules from (Bowman et al., 2016a). Initially, the selection of MpFBPase, MpRbcS1A and 
MpRbcS1B was based on a BLAST alignment with a proprietary partially annotated draft 
genome of M. polymorpha (Cam-1) searched against CBB proteins from A. thaliana, P. patens, 
Brassica rapa and Oryza sativa (data not shown). However, Marchantia gene selection was 
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reconfirmed using the recently published annotated Marchantia genome, an early release 
genome on Phytozome at the time of investigation. 
CBB primers in Table 4 were designed from the draft Marchantia genome based on the 
exon-exon junctions, then rechecked against the published annotated Marchantia genome to 
confirm the targeted transcript size. RNA was diluted to 100 ng/µL, and 2 µL diluted RNA 
aliquots were treated with DNase, to remove genomic DNA contamination, and used to 
synthesize cDNA following the QuantiTect Reverse Transcription Kit protocol (Qiagen). All qPCR 
reactions using this cDNA were set up on white 96-well plates (Bio-Rad) with SsoAdvanced 
Universal SYBR Green Supermix (Bio-Rad). The CFX96 Touch Real-Time PCR Detection System 
(Bio-Rad) was used to run all qPCR amplification curves and melt curves (30 seconds (sec) at 
95°C, [10 sec at 95°C, 30 sec at 60°C] 39 times, 5 sec from 65°C to 95°C in 0.5°C increments) 
with three biological replicates per treatment, each with three technical replicates, and at least 
two non-template control replicates per plate. Primer efficiencies were calculated from cDNA 
derived from continuous light control thalli tissue based on a standard curve analysis using 
dilution ranges from 100 to 10-5 dilution factors in 10-fold increments (data not shown). The 
resulting efficiency values were integrated into gene expression calculations. To measure 
treatment effects on gene expression, cDNA was diluted by 10-fold and the amplification of CBB 
genes, negative control reference genes (ACTIN 7 (MpACT) and ADENINE PHOSPHORIBOSYL 
TRANSFERASE 3 (MpAPT)) and a positive control gene for dark response, 
PROTOCHLOROPHYLLIDE REDUCTASE (MpPOR) (Takio et al., 1998), were analyzed. MpACT and 
MpAPT primer sequences were obtained from Saint-Marcoux et al. (2015). Relative expression 
was hand-calculated based on Bio-Rad CFX Manager equations by averaging all three technical  
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replicates for each of the three biological replicates. 
 
2.2 Effect of Sugar on Marchantia CBB Gene Expression 
2.2.1 Plant Material and Sugar Response Treatment 
 Liverwort maintenance took place in the same light and temperature conditions as 
mentioned above. Gemmae were plated in 25 mL shallow Petri plates (micro-fiber seal) in ½ B5 
solid media (1% agar) with either no sugar or a sugar treatment of sucrose (0.3%, 1%, 3% or 
10% w/v), glucose (0.3%, 1%, 3% or 10% w/v), or a combination of ½ sucrose and ½ glucose (a 
combined total of 0.3%, 1%, 3% or 10% w/v). Gemmae were grown in these sugar range 
treatments for four weeks in continuous light further described in Table 6.  
 Thalli harvesting was the same as dark response thalli harvest mentioned above except 
for harvesting control and sugar-treated samples in a well-lit room. In addition, all 10% sugar 
treated samples were not harvested due to stunted growth. Both 3% sugar and 10% sugar had 
an insufficient amount of thalli tissue for RNA extraction.  
 
2.2.2 Thalli Size Comparison 
  The area of each thallus on one replicate plate was determined from digital images 
using ImageJ.  Spots of known area on each plate provided a standard calibrator to convert 
pixel area to cm2 area (Tough-Spots, 0.5 inch (1.27 cm diameter) SPRL-2100 Assorted) (Figure 
4). All images were converted to 8-bit greyscale and a threshold was manually set that best 
represented thalli perimeters. Pixel area was generated from within the thalli perimeter 
threshold and recorded in Excel. A circle overlay was added to the image that best represented 
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the sticker perimeter and was then colored black to set the sticker circle calibrator area. The 
diameter of the calibrator was used to set the scale from pixels2 to cm2 in ImageJ. The image 
was then converted to 8-bit greyscale and a threshold was set to select for perimeters of only 
black objects. The calibrator area was calculated in both pixel and cm units to confirm the pixels 
per cm conversion values. The conversion from pixels to cm units in thalli area was executed in 
Excel based on the conversion values. Three individual thalli (n=3) per plate whose area (cm2) 
was unobstructed from plate markings, micro-fiber tape and stickers were randomly selected 
for further statistical analysis.  
 
2.2.3 RNA Isolation 
 RNA was isolated in the same manner as the dark response samples following the thalli 
harvest using only the Qiagen RNeasy Mini Kit as described above.  
 
2.2.4 RT-qPCR 
 RNA samples from the sugar response experiment were used to synthesize cDNA  
samples as described for the dark response experiments. Additionally, the qPCR analysis was 
conducted in the same manner with the same primers and primer efficiency values as described 
in Table 4.  
 
2.3 Position Weight Matrix Enrichment Analysis   
2.3.1 Obtaining Promoter Sequence Datasets 
Putative promoter sequences were obtained from BioMart using Phytozome v12 genome 
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datasets for A. thaliana (AraPort v11 early release) and M. polymorpha (v3.1 early release). A 
total of 27,655 (A. thaliana) and 19,287 (M. polymorpha) whole genome-wide promoter regions 
1kb in length were filtered from the genome datasets using the “Flank-coding region (Gene)” 
sequence attribute with a 1000 bp upstream flank selection in FASTA format. Calvin cycle 
promoter sequences 1 kb in length located in the nuclear genome were obtained in the same 
manner with further filtering of genes with KEGG Orthology IDs associated with Calvin cycle 
enzymes shared between A. thaliana (38 genes) and M. polymorpha (39 genes) also in FASTA 
format (Table 7). KEGG Orthology IDs for Arabidopsis thaliana (Ath) CBB enzymes were 
obtained from the ortholog table in pathway 00710 named “Carbon fixation in photosynthetic 
organisms” in the KEGG database (http://www.kegg.jp/kegg-bin/view_ortholog_table?map= 
00710). The promoter sequences were further processed using the Biostrings package and 
ShortRead package in R to filter promoters with no gaps and only A, G, C or T present to 
properly calculate the nucleotide frequencies in the promoter sets (Morgan et al., 2009, Pagès 
et al., 2016). After filtering, 27,646 genomic promoters and 38 Calvin cycle promoters from A. 
thaliana as well as 18,877 genomic promoters and 38 Calvin cycle promoters from M. 
polymorpha were obtained. 
 
2.3.2 Obtaining Transcription Factor-Binding Promoter Motifs  
The 160 promoter motifs in evolutionarily conserved transcription factor protein 
domain families between A. thaliana and M. polymorpha were obtained in the MotifDb 
database available as an R package (Shannon, 2016, Sharma et al., 2013). This package contains 
experimentally-derived position weight matrices (PWM), or the likelihood of each base on the 
11 
 
promoter motif that forms a transcription factor-binding pattern. These PWMs and 
transcription factors derived from A. thaliana since this plant had the most motif position 
weight matrices available in MotifDb among other available plants. The databases JASPAR 
(http://jaspar.genereg.net/) and CIS-BP (cisbp.ccbr.utoronto.ca/) were used to determine the 
transcription factor protein name associated with the promoter motif. Information on biological 
functions connected to transcription factor binding was collected on TAIR 
(https://www.arabidopsis.org/), Uniprot (www.uniprot.org/) and AraPort 
(https://www.araport.org/) based on the Gene Ontology (GO) biological processes. Only one 
biological function was listed for transcription factors, yet more than one function can exist, as 
noted accordingly. Information on transcription factor families and transcription factor 
descriptions were collected on PlnTFDB (plntfdb.bio.uni-potsdam.de/) as summarized in Table 
8. Two protein domain families, the HGMA family and AT Hook family, were not listed on the 
PlnTFDB webpage, hence orthologous transcription factor proteins were found between A. 
thaliana and M. polymorpha based on a Phytozome gene name search (“hmb” and “AT hook”), 
and the protein domain families were confirmed on AraPort and UniProt. 
 
2.3.3 Position Weight Matrix Enrichment in Calvin Cycle Promoters 
The PWMEnrich R package was used to analyze the abundance of A. thaliana promoter 
motifs in Calvin cycle promoters compared with the motif abundance in genomic promoters 
from the same organism (Frith et al., 2004, Stojnic & Diez, 2015). The motif enrichment analysis 
was separately run for A. thaliana promoters and M. polymorpha promoters. Gephi was used to 
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visualize the top 15 and statistically significant enriched motifs in CBB promoters (Bastian et al., 
2009). 
 
2.4 Statistical Analysis 
2.4.1 Thalli Area 
 The mean and standard deviation for four-week old thalli area values in cm units from  
the sugar response experiment were analyzed with a Bonferroni’s adjusted one-way ANOVA in 
SigmaPlot11. Sample size represents the number of thalli measured in one plate to keep 
replicate area unit conversion consistent with the marker standard. 
 
2.4.2 Relative Expression 
The geometric means of MpACT and MpAPT relative expression were calculated for 
each treatment. All relative expression quantities for the biological replicates (n=3) were log 
transformed in base 2 to convert the data back to the Cq scale to reduce variance 
heterogeneity (Rieu & Powers, 2009). Sample size represents one thalli measurement from 
three Petri plates to randomize plate placement effects in the growth chamber. The mean and 
standard deviation of log transformed values, called Cq’ values, were then calculated for each 
treatment. Analyses using a Bonferroni’s adjusted one-way ANOVA and Student’s t-test (further 
described in relevant figures below) were performed on the Cq’ mean and Cq’ standard 
deviation using SigmaPlot 11.  
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2.4.3 Ranking Enriched Promoter Motifs 
Enriched, or over-represented, promoter motifs were ranked on the lowest P-value 
 based on the PWM scanning Clover-related algorithms compiled in the PWMEnrich package 
and Biostrings package in R. P-values are the probability of motifs being significantly more 
enriched in the CBB promoter sequence set compared to the whole genome promoter 
sequence set. Raw promoter motif scores, or average probability values of motif binding 
affinity, were set to an arbitrary threshold cutoff of log2(exp(3)) to convert highly probable 
motif hits into motif counts per CBB promoter (Hertz & Stormo, 1999). These motif counts were 
used to generate the motif enrichment network maps.  
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CHAPTER 3:  RESULTS 
3.1 Phenotypic Response in Marchantia 
The effects of dark and sugar treatments on Marchantia thalli growth on solid media 
have not been well explored. Hence, area measurements were conducted on untreated and 
treated thalli to uncover these effects. Following the dark range and dark by time experiment, 
there seemed to be no overall change to the thalli size from treatment other than expected 
growth differences between three-week-old and four-week-old thalli as pictured in Figure 2C, 
D.   
Conversely, the thalli subjected to the sugar range treatment during the four weeks of 
growth showed a phenotypic sugar response. Thalli area was smaller in 0.3% sugar treatments 
compared to the no sugar control media, albeit statistically insignificant stunted growth. More 
specifically, the 0.3% glucose treatment the 0.3% sucrose treatment only had a 5% size 
decrease, while the 0.3% sucrose treatment had a 37% size decrease, and sucrose and glucose 
combination treatment produced an intermediate response of 13% size reduction. An increase 
to 1% sugar concentration did not produce a further decrease in thalli area. In fact, thalli area 
had a statistically significant size increase for all sugar types compared to the thalli area from 
the no sugar control media with as much as an 88% rise in area from the 1% sucrose and 
glucose concentration. Such findings are consistent with M. polymorpha dry mass increase in 
light and 1% glucose (Graham et al., 2010a). Physcomitrella patens also had more growth with 
light and 1% sucrose than just light alone (Bricker et al., 2014).  
However, a 3% sugar concentration resulted in a statistically significant decrease in thalli 
area. Most notable are the significant area reductions of 84% and 93% by the sucrose and 
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glucose combination and glucose sugar types compared to the control area, respectively. This 
suggested that a 1% sugar concentration regardless of carbohydrate type approached M. 
polymorpha’s capacity to use sucrose and glucose, and a 3% sugar concentration triggered 
sugar-mediated inhibitory effects on growth. The smallest size reduction from 3% sucrose 
inferred either a weaker sensitivity to sucrose or a diluted glucose product response following 
sucrose metabolism further implying a dose-responsive growth regulation. The highest 
concentration of 10% for all sugar types caused the largest statistically significant decreases of 
over 99% in thalli area based on the no sugar control area. In effect, the 10% sugar 
concentration hindered thalli growth to such an extent that the four-week old tissue resembled 
the gemmae life stage at zero weeks of thalli growth in terms of area (Figure 2A). This response 
was the opposite with Marchantia nepalensis which showed thalli growth and gemmae cup 
formation in both 2% and 4% sucrose (Chopra & Sood, 1970). This juxtaposed response could 
be due to species difference since M. nepalensis was eight weeks old at the point of 
experimental observation whereas M. polymorpha already showed signs of senescence at 
seven weeks of growth (Figure 2F). A temperature difference of 22°C in this experiment 
compared to 25°C in Chopra et al’s experiment may also cause minor growth differences. Lastly, 
M. nepalensis was not subject to 10% sucrose (Chopra & Sood, 1970) and could have exhibited 
similar stunted growth at that sugar concentration.  
Overall, the thalli growth was reduced the most in glucose, reduced least in sucrose and 
reduced intermediately in the combination of these sugars, except for the contrasting growth 
increase at 1% sugar concentration. Additionally, the glucose treatments usually produced the 
largest size decrease in contrast to the sucrose treatments producing the smallest size decrease 
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despite the inconsistent 1% concentration growth boost response for both sugar types. 
Mixotrophic growth appeared to be most effective in increasing M. polymorpha thalli growth at 
1% sugar concentration, followed by inhibitory growth effects at concentrations higher than 
3%. These results showed that M. polymorpha had more vigorous growth in 1% glucose as 
previously shown in cell culture (Katoh, 1983), but had a limited tolerance to higher sugar 
concentrations possibly due to osmotic stress.  
 
3.2 Differential MpCBB Gene Expression Response 
Observing the differential MpCBB gene expression dark and sugar response uncovered 
new regulation patterns. All MpCBB genes showed slightly decreased relative expression levels 
between the 4 hour dark treatment and the 16 hour dark treatment that mimicked the MpPOR 
positive control and the reference gene negative controls. MpPRK and MpSBPase had a 
statistically significant decrease in expression response to 4 hours of early darkness comparable 
to the early darkness response of MpPOR. As a side note, there was also a lack of resolution in 
all genes studied around these time points, including positive and negative controls, for the first 
16 hours most likely due to the log scale (Figure 6A-E).  
A statistically significant drop in MpCBB gene expression mostly occurred after 24 hours 
of darkness. Long term dark response of MpACT reference gene was even significantly 
downregulated while MpAPT expression was stable following gene downregulation in early 
darkness (Figure 6F-H). It appeared that 24 or more hours of continuous darkness could be a 
sugar starvation response as observed in higher plants (Kim & von Arnim, 2006). Even still, 
Marchantia tissue was viable after a 72 hour dark treatment followed by a light treatment as 
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observed in this experiment and in past studies (Sakaguchi et al., 2004). The 72 hours of dark 
response of both MpRbcS1A and MpRbcS1B gene expression (Figure 6D) was actually 
inconsistent with the RNA abundance of MpRbcS in continuous light and three days of dark in 
Marchantia paleacea var. diptera (Suzuki et al., 1999). To explain this contradiction, MpRbcS 
(described as MRBCS1) in M. paleacea may be more homologous to another MpRbcS gene 
while MpRbcS1A and MpRbcS1B showed that dark response is present in at least two duplicate 
MpRbcS genes (Figure 6C). Four other RbcS genes were found in M. paleacea (Suzuki et al., 
1999), but only MRBCS1 gene was studied.  
No difference was found in MpCBB gene expression at 8 hours of dark treatment 
between three and four weeks of thalli age (Figure 7A-D). These thalli ages were chosen 
because of the exponential phase of growth between three weeks and four weeks (Figure 2C, 
D). The positive control gene and negative control reference genes also had no significantly 
different dark response over time (Figure 7E-H). This stability of MpCBB gene response showed 
consistency in Calvin cycle gene expression during thalli vegetative growth. The 8 hour dark 
samples for three-week old thalli and four-week old thalli were harvested at different times of 
the day (a five hour clock difference), but all plants were pre-treated in continuous light which 
dampened the circadian response. Also, the age difference and RNA sampling methods might 
account for more of the error variation. This suggested that having a light control for each dark 
treatment to account for time differences seem to be unnecessary for the dark treatments used 
in this experiment. Three and four weeks of growth may have similar phenotypes regardless of 
these dark treatment times. Hence, obtaining light control samples to compare with the dark 
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response treatments may not have a difference in response if the light control samples were 
collected at the same time as the dark-treated samples.  
Many new findings arose when observing differential MpCBB gene expression response 
to sugar. Only MpPRK and MpRbcS1A showed a significant downregulation to 1% sucrose 
(Figure 8B, C). MpFBPase and MpSBPase both showed sugar downregulation albeit an 
insignificant response at 0.3% and 1% concentration (Figure 8A, E). MpRbcS1B showed no 
significant decrease in sugar response, but tended to have a minor upregulation as the sugar 
concentration raised (Figure 8D). In general, MpCBB genes show no clear response at 0.3% 
sugar regulation, regardless of carbon source. MpCBB genes showed more downregulation with 
1% sucrose and the 1% combination of sucrose and glucose than with 1% glucose. The MpAPT 
reference gene showed statistically significant upregulation at 1% glucose, while MpACT 
showed statistically insignificant gene expression change (Figure 8F-H). The MpCBB gene 
downregulation at 1% for all sugar types infers the inhibition of CBB-mediated sugar synthesis, 
yet a thalli area increase was observed (Figure 5). This increase in area at 1% sugar 
concentration could portray an overriding supplemental sugar-dependent growth phenotype 
coupled with a latent growth-hindering phenotype associated with repressing CBB-mediated 
sugar synthesis. At sugar concentrations higher than 1%, the latent phenotype of MpCBB gene 
suppression could be the overriding phenotype along with growth-hindering osmotic stress 
effects.  
 
3.3 AtCBB and MpCBB Promoter Motif Enrichment 
 To gain insight into gene regulatory networks that factor into Calvin cycle gene  
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expression, Calvin cycle promoters from A. thaliana and M. polymorpha were analyzed for 
enriched motifs. Multiple biological functions are represented in significantly enriched motifs 
(Table 9 and 10). The most enriched motif in A. thaliana CBB promoters is Athaliana-cispb_1.02-
M0266_1.02 which has affinity to the GBF2 transcription factor involved in light response. All of 
the significantly enriched motifs in the AtCBB promoters tend to have a low breadth of 
enrichment. This low breadth implies that only a small subset of sequences account for the 
concentrated motif affinity. Light, sugar and development biological functions are represented 
in the transcription factors with significantly enriched binding sites in AtCBB promoters.  
The M. polymorpha CBB promoters had about half of its top 15 motif hits with both light 
and development transcription factor biological functions, but had no sugar biological 
functions. The topmost significant motif hit for MpCBB promoters was Athaliana-cispb_1.02-
M0118_1.02 that binds the HGMA transcription factor that functions in nucleosome assembly. 
Only the top three motifs with biological functions of nucleosome assembly, abscisic acid 
response and salt response are significantly over-represented in MpCBB promoters when 
compared to the enriched motifs in the Marchantia genome-wide promoters. Moreover, the 
top 15 motifs tend to also have a low breadth of enrichment, with slightly higher breadth for 
the nucleosome assembly suggesting that this motif is not as concentrated in this specific 
MpCBB promoter sequence subset, but still has high affinity to these sequences. All things 
considered, both AtCBB promoters and MpCBB promoters have the largest affinity to light-
regulated transcription factor binding promoter motifs.  
 Further analysis of both AtCBB and MpCBB PWM enrichment shows top motif 
similarities and differences between the two plant promoter sets. In terms of similarities, CBB 
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promoters in both plants have significantly over-represented motifs with shared abscisic acid 
response and salt response. Of these motifs, the salt-responsive AtBZIP17-binding motif 
(Athaliana-cispb_1.02-M0263_1.02) is significantly enriched in both plants with the same 
breadth of enrichment. In contrast, AtCBB promoters have a significant transcription factor 
response to light, development and sugar among the significantly over-represented motif hits, 
with no likewise response from MpCBB promoters (Figure 9). The light response appears to be 
preferential among all other biological functions in AtCBB promoters coinciding with the 
significant light-responsive motifs found in 12 AtCBB genes from the work of Sun et al. (2003). 
MpCBB promoters exclusively have nucleosome assembly function transcription factor 
responses. Overall, the PWM enrichment results between MpCBB and AtCBB promoters infer 
differing transcription factor affinities with respect to light, sugar and development responses, 
and uncovers unknown affinities to specific hormonal responsive transcription factors.  
 A motif enrichment network map more clearly illustrates the relative number of 
transcription factor binding site counts across all individual Calvin cycle promoters between 
plants. When considering binding site counts for each promoter, MpRbcS, MpFBPase, 
MpSBPase, and MpPRK promoters account for a larger proportion of total MpCBB promoters 
than that of the AtCBB gene ortholog promoters (Figure 10A, B). This could infer a stronger 
coordination of Marchantia CBB gene expression driven by these aforementioned promoters, 
with the strongest drive from MpRbcS promoters if considering promoter count alone. The 
significant promoter motif enrichment undoubtedly shows the variety of biological functions 
and density of binding counts in AtCBB promoters compared to the MpCBB promoters (Figure 
11A, B). These network maps also show the relationship between each motif and nearly all 
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Calvin cycle promoters. An unequal binding of transcription factors is elucidated at the variation 
in edge weights. For example, the two over-represented AtPIF4 transcription factor binding 
sites in Figure 10A have differing relative counts between each other, showing that the denser 
site may have a higher affinity AtPIF4 binding further supported by the higher p-value between 
the two AtPIF4 hits in Table 9. Transcription factor site densities appear to be similar between 
Arabidopsis and Marchantia (Figure 10A, B), even though most of the Marchantia enriched 
motif hits are not significantly over-represented. This phenomenon is most likely due to the 
arbitrary thresholding process that counts a range of highly likely and least likely binding sites 
since the p-value is representative of the whole pathway binding, not individual gene binding 
sites. Given these results, the insignificant enrichment of light, sugar and developmental 
responsive transcription factor binding motifs in MpCBB promoters show the evolutionary 
divergence in higher plant transcription factor preferences in early plant promoters.  
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CHAPTER 4:  DISCUSSION 
MpCBB gene expression response in this study corresponded with higher plant CBB 
gene expression response. Weak downregulation was observed in two-week-old Arabidopsis 
FBPase, RbcS, PRK and SBPase genes at 4 hours and 8 hours of darkness (Kim & von Arnim, 
2006). Three-week-old Marchantia also exhibited this early dark response in MpCBB genes at 
the same time periods (Figure 6A-E). Long-term dark responses in three week old Arabidopsis 
caused a slight reduction in AtSBPase cDNA abundance at 13 hours of darkness and a sharp 
drop in cDNA abundance from 24 hours of darkness to no detectable cDNA levels at 50 hours of 
darkness (Willingham et al., 1994). MpSBPase gene expression was comparable to that of 
Arabidopsis during both periods of early darkness and long-term darkness (Figure 6E). Extended 
dark responses over 24 hours may actually be sugar starvation responses in higher plants (Kim 
& von Arnim, 2006). If this is the case, Marchantia seems to have a comparable sugar starvation 
response by maintaining less MpCBB genes in prolonged periods of darkness either through a 
decrease in MpCBB transcriptional rates or an increase in mRNA degradation. If the response 
was due to light signaling, Marchantia may have similar ortholog activity to higher plant 
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and DE-ETIOLATED 1 (DET1) proteins well 
known to specifically regulate higher plant dark response (Kim & von Arnim, 2006). Other 
MpFBPase and MpRbcS genes (Table 7) not observed in this work may have a dark response. 
The PWN enrichment network maps (Figure 9A, B) provide more insight into the promoter 
regulation pattern suggesting trends in light signaling. Additionally, examining dark-adapted 
light induction response would help to further elucidate CBB gene expression between 
Marchantia and higher plants. 
23 
 
MpCBB gene expression responses to sucrose and glucose at different concentrations 
are also similar to higher plant responses. MpFBPase and MpRbcS1A were both downregulated 
at 1% sucrose, comparable to potato leaf FBPase and RbcS gene downregulation at the same 
concentration. Cut potato leaves were placed in sucrose concentrations as high as 10% and 
generally showed a higher downregulation of CBB genes as the sucrose concentration increased 
(Koßmann et al., 1992). Marchantia thalli were too stunted to harvest at increased sugar 
concentrations (Figure 4, Figure 5) most likely contributed by the prolonged effects of growth 
on high sugar concentration. The potato leaves were pre-grown without sugar, and select 
leaves were cut and submerged in various concentrations of sucrose media for only 24 hours to 
observe an acute response. When examining the experimental design of that study, Marchantia 
pre-grown in sugar-free media and treated for 24 hours in high concentrations of sucrose 
would have been a more ideal approach to observe effects of MpCBB gene expression at higher 
sugar concentrations. The same outcome of glucose-mediated downregulation of FBPase, 
SBPase and RbcS were observed in wheat plants pre-grown without sugar and placed in 1% 
glucose as compared to MpFBPase, MpSBPase and MpRbcS1A at the same concentration. 
Wheat plants incubated in 3% glucose had a further reduction in CBB mRNA abundance, 
reflecting on how sucrose and glucose signaling may primarily be glucose-dosage-dependent in 
which the sucrose response may be the function of the glucose breakdown product (Rolland et 
al., 2006). In terms of Marchantia’s ability to process sugars, one study claims that M. 
polymorpha adaptation allowed for increased sugar capacity for carbohydrate-dependent 
phenolic production, but the study is limited in its sugar range (max 2%) (Graham et al., 2010b) 
and may not reflect limitations of processing high sucrose and glucose concentrations.  
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Bryophytes only have type III sucrose transporters (SUTs), compared to higher plants which 
contain type I, type II and type III SUTs (Reinders et al., 2012). Additionally, Marchantia has a 
different mechanism of carbohydrate movement using water-conducting cells that functions 
like vascular tissue in higher plants (Shimamura, 2016) which may contribute to differences in 
sugar movement, and yet the sugar responses were still similar between lower and higher 
plants.  
Thalli grown in 3% and higher sugar concentrations showed stunted growth phenotypes 
like that of higher plant seedlings. The stunted growth of Marchantia at 10% was analogous to 
the stunted growth of Arabidopsis seedlings at 7% glucose due to glucose signaling. The viability 
of Arabidopsis seedlings in 4% glucose was higher than that of Marchantia thalli at 3% glucose 
probably due to the morphological differences in allocating exogenous sugar as mentioned 
before (Arenas-Huertero et al., 2000). Stunted growth could also be the result of osmotic stress 
over sugar signaling. Mannitol, a sugar that is slow to metabolize in plants, can be used as an 
indicator of osmotic stress since this sugar marginally contributes to sugar signaling. 
Arabidopsis seedlings grown in 7% mannitol did not show a stunted growth phenotype 
compared to seedlings in 7% glucose signifying that osmotic stress plays a minor role in stunted 
higher plant growth at this sugar concentration (Arenas-Huertero et al., 2000). Mannitol growth 
phenotypes in Marchantia thalli remain to be seen to observe osmotic stress effects. Overall, 
the similarities in sugar responsiveness between Marchantia and higher plants provided a 
strong lead to conjecture a conserved glucose signaling pathway in land plants.  
This study clearly showed the contrasting motif enrichment between M. polymorpha 
and A. thaliana even though the CBB gene expression to darkness and sugar in Marchantia and 
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higher plants were comparable. Light dominated the biological function of over-represented 
motifs in AtCBB promoters, followed by development and glucose, but this result was not 
reciprocated in MpCBB promoters. Only abscisic acid and salt are shared significantly over-
represented motif biological functions in CBB promoters between these two species (Figure 9). 
If MpCBB genes are assumed to be regulated by light, sugar and development, then there must 
be a difference in transcription factor activity between Marchantia and Arabidopsis. This 
difference is important to note because different gene regulatory network players may co-
regulate CBB gene expression as compared to higher plants. For example, liverwort light 
signaling is a lot more simplistic than in higher plants. M. polymorpha only has one 
PHYTOCHROME-INTERACTING FACTOR protein (PIF) compared to the various PIF proteins (PIF1, 
PIF3 and PIF4) in A. thaliana, each with different functions involved in light signaling (Inoue et 
al., 2016, Jiao et al., 2007). Additionally, sugar sensing and signaling is complex in plants as it 
involves species-specific sink demands and different strategies for sugar loading from plant 
source to sink (Rolland et al., 2006). Moreover, transcription factors involved in thalli 
development appear to be novel compared to leaf tissue development in higher plants. Since 
thalli are gametophytic tissue, genes regulating thalli development share a closer relationship 
to the higher plant reproductive gametophytic tissues than to leaf tissues (Sierocka et al., 
2011). Gametophytic rhizoid tissue, on the other hand, does seem to be regulated similarly to 
higher plant roots (Tam et al., 2015). Keep in mind that A. thaliana transcription factors were 
used for this PWM enrichment analysis. Having common transcription factor families does not 
consider the evolutionary changes in transcription factor gene duplication, even though light 
signaling, photosynthetic cell development and sugar signaling gene regulatory networks 
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generally exist across land plants (Argüello-Astorga & Herrera-Estrella, 1998, Possart et al., 
2017). As a result, analyzing A. thaliana transcription factors as this study has done exemplified 
what the regulation patterns would look like if the M. polymorpha promoters were driving gene 
expression from more nuanced gene regulatory networks in A. thaliana.  
The evolutionary distance may be too large to assume that the transcription factor 
binding preferences are in play to initiate that response. Light-responsive transcription factor 
binding preferences between lower and higher plants may not be similar even though the 
transcription factors share protein families based on their DNA-interacting protein domains 
(Argüello-Astorga & Herrera-Estrella, 1998). In fact, there may be a Marchantia-specific set of 
transcription factors that coordinate CBB gene regulation with vastly different binding sites 
compared to Arabidopsis. Even amongst higher plants, a light and development-responsive 
wheat-specific FBPase factor was found to regulate FBPase and SBPase in only wheat given its 
namesake (Miles et al., 1993). Species-specific gene regulation even extends to dominate life 
phase differences. Gametophytic-dominant moss tissue have shown higher photosynthesis-
related gene expression than in its recessive sporophyte phase considering that sporophytic 
tissue transiently exists to support spore proliferation and release (O’Donoghue et al., 2013). 
On the other hand, the sporophytic phase is dominant in higher plants with leaves and even 
flowers expressing CBB genes, while CBB genes are not specifically enriched at least in female 
angiosperm gametophores within flowers (Willingham et al., 1994, Wuest et al.).  
Among transcription factors that do show CBB-wide regulation, are higher plant CBB 
genes co-regulated by more than just light, sugar and development? Other research has 
inferred at other regulatory factors playing a role in CBB response other than light, sugar and 
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regulation (Martin et al., 2000), but no studies have confirmed this inference. Among all 
biological functions driving AtCBB co-regulation, light has the strongest transcription factor 
response (Sun et al., 2003) consistent with the over-represented promoter motifs in AtCBB 
genes in this study (Figure 9). The other over-represented biological functions from hormones 
such as jasmonic acid, ethylene and abscisic acid could represent the other drivers of 
coordinated higher plant CBB expression. The fact that Arabidopsis and Marchantia share 
abscisic acid response opens the possibility of an evolutionarily conserved hormone response. 
No research has been found to suggest salinity response as a driver of coordinated CBB gene 
expression, but jasmonic acid response, abscisic acid response and ethylene response might be 
involved in this co-regulation. Some Arabidopsis genes showed crosstalk between dark 
response and abscisic acid response in Arabidopsis (Kim & von Arnim, 2006). Both darkness and 
jasmonic acid crosstalk to regulate the senescence response (He et al., 2002). Moreover, 
interactions between glucose signaling and ethylene signaling as well as abscisic acid signaling 
differentially regulate higher plant genes and influence early seedling development (Rolland et 
al., 2006). Thus, hormone responsive transcription factors may have an underlying response to 
glucose and dark conditions as well from gene regulatory network interactions.  
Three possibilities discussed above explained the probable causes of motif over-
representation discrepancy between AtCBB promoters and MpCBB promoters: (1) different 
transcription factors involved, (2) different transcription factor binding preferences, and (3) 
strong hormonal crosstalk. The most likely of the three possibilities is the evolution of cis-
regulatory elements which alters transcription factor binding preferences as seen in 
morphological evolution and light signaling evolution in land plants (Argüello-Astorga & 
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Herrera-Estrella, 1998, Pires & Dolan, 2012). The comparable dark and sugar gene expression 
response between MpCBB genes and higher plant CBB genes found in this study show that 
there is MpCBB co-regulation mediated by light and sugar-responsive transcription factors. The 
binding preferences for these transcription factors may be too diverged to assume sequence 
homology and hence binding affinity to transcription factors from Arabidopsis thaliana.  
When examining the motif enrichment itself, a motif enrichment analysis is an account 
of enriched motifs throughout an entire pathway of interest, which is the Calvin cycle in this 
case. However, it does not infer the responsiveness of individual genes within that pathway, 
only the pathway as a whole. For instance, this analysis shows a high affinity to light response 
based on the connectivity of the top 15 light-responsive motifs with AtRbcS1A, AtRbcS1B, 
AtRbcS2B and AtRbcS3B (Figure 10A), but AtRbcS genes respond differentially to light 
(Dedonder et al., 1993). Not only that, but transcription factors that selectively respond to a 
few Calvin cycle genes will not be detected with this analysis. As with WF-1 mentioned before, 
the preferential binding to FBPase and SBPase will not be detected if no over-representation of 
binding sites were located on other CBB promoters. Additionally, the 160 motifs, size-limited by 
the delay in MotifDb updates, accounts for only a fraction of all Arabidopsis thaliana motifs 
available on CIS-PB (cisbp.ccbr.utoronto.ca/) which is likely to have more transcription factors 
responsive to light, sugar and development.  
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CHAPTER 5:  CONCLUSION 
 The MpCBB gene expression response to darkness and sugar showed similarities to 
higher plants, hinting at a shared light and sugar signaling pathway in land plants. The gene 
expression results showed the importance of comparing gene regulation between early and 
higher plants to identify evolutionary trends in gene regulation. The difference in over-
represented motif enrichment between MpCBB and AtCBB promoters supported the 
hypothesis that Marchantia is an evolutionary model of photosynthesis-related gene 
regulation. This analysis showed that binding site affinity to transcription factors responsive to 
light, sugar and development are not comparable between Marchantia and Arabidopsis, even 
though MpCBB gene expression patterns were similar as mentioned above. In fact, the over-
represented motifs hint at other biological functions besides light, sugar and development that 
may coordinate CBB gene expression. As an evolutionary model of photosynthesis, Marchantia 
can provide insight into ancient gene regulatory networks that were conserved in controlling 
photosynthesis genes. Such insights are being addressed in the moss P. patens (Possart et al., 
2017). However, Marchantia stands out from mosses as being the most basal land plant among 
the sister hornworts and the further diverged mosses (Bowman et al., 2016b, Pires & Dolan, 
2012). 
When considering future directions, this study only partially uncovers the usefulness of 
M. polymorpha in photosynthesis research by showing thalli area phenotypes in different 
carbon sources. There is still the matter of addressing photoheterotrophic growth in M. 
polymorpha, which still remains to be known in intact thalli. Marchantialian liverworts have 
been shown to grow photoheterotrophically as chlorophyllous cell suspension (Katoh, 1983, 
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Katoh et al., 1980, Sakaguchi et al., 2004), but there is no way to track plant development as 
suspension cultures can be sustained continuously for years (Takio et al., 1988). Studying 
perturbations in photosynthesis using 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), which 
terminates chloroplast electron transport by blocking plastoquinone binding at PSII, with a 
supplemental carbon source is an effective indicator of research in photosynthetic mechanisms. 
Photosynthetic organisms that can still function without an active PSII implies that experiments 
dissecting PSII components through genetic engineering will bypass a lethal mutation. Similar 
inquiries were raised with other key photosynthetic models, such as Synechocystis sp. PCC 
6803, Chamydomonas reinhardii and P. patens, which were found to show photoheterotrophic 
growth (Bricker et al., 2014, Thornton et al., 2005). As a result, PSII mutants have been 
successfully created in these model organisms to provide insight into PSII components (Bricker 
et al., 1998, Pakrasi et al., 1989, Vermaas et al., 1987, Williams, 1988). Marchantia on solid 
media supplemented with a carbon source has the potential to be the most basal plant model 
of PSII structure and function.  
Overall, this study only shows a glimpse of differential transcription factor binding 
preferences between Marchantia and higher plants. Thus, Marchantia is an excellent candidate 
to further explore important photosynthesis-related gene regulatory mechanisms on a global 
scale. Transcription factors in Marchantia are already characterized, but there is still a need to 
identify transcription factor-binding promoter motifs using ChIP-seq. A transcriptome and a 
protein-protein interactome can then be built to uncover the complexity of these mechanisms 
(Sharma et al., 2013). Additionally, Marchantia transcription factors are gradually being 
integrated into transcription factor databases commonly used in such bioinformatic analyses, 
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yet the transcription factor binding motifs have yet to be sequenced (Ramirez & Basu, 2009). 
Adding transcription factor data for Marchantia will encourage further pursuits in investigating 
transcriptome-wide dark response and sugar response through RNA-seq. The emergence of M. 
polymorpha as a model early land plant with a recent genome release is well-timed to take 
advantage of the current rapid advances in genomics and systems biology to further 
understand key evolutionary drivers of coordinated CBB regulation in land plants.  
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TABLES AND FIGURES 
Table 1. Ideal attributes of evolutionary model and crop model plant species. 
Attributes 
Evolutionary 
Model 
Crop Model References 
Small genome ✓ ✓ 
(Flavell, 2009, 
Pandey & Alam, 
2016, Shimamura, 
2016) 
Rapid life cycle ✓ ✓ 
(Flavell, 2009, 
Shimamura, 2016) 
Easy transformation ✓ ✓ 
(Flavell, 2009, 
Pandey & Alam, 
2016, Shimamura, 
2016) 
Diploid genetics  ✓ 
(Flavell, 2009, 
Pandey & Alam, 
2016, Shimamura, 
2016) 
Few chromosome/gene duplications  ✓ (Flavell, 2009) 
Similar plant phylogeny  ✓ (Flavell, 2009) 
Small size ✓ ✓ 
(Flavell, 2009, 
Shimamura, 2016) 
High seed production/tissue 
propagation 
✓ ✓ 
(Flavell, 2009, 
Pandey & Alam, 
2016, Shimamura, 
2016) 
Financially efficient gene-trait 
linkage discovery 
✓ ✓ (Flavell, 2009) 
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Table 2. Dark gradient treatment experimental design of M. polymorpha. 
Treatment Plate Count Gemmae Count Per Plate Total Gemmae 
continuous light 3 5 15 
4 h dark 3 5 15 
8 h dark 3 5 15 
12 h dark 3 5 15 
16 h dark 3 5 15 
24 h dark 3 5 15 
36 h dark 3 5 15 
48 h dark 3 5 15 
72 h dark 3 5 15 
TOTALS 27 - 135 
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Table 3. Dark treatment experimental design of M. polymorpha. 
Treatment Plate Count  Gemmae Count Per Plate Total Gemmae 
continuous light 3 7 21 
8 h dark 3 7 21 
TOTALS 6 - 42 
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Table 4. Primers used for CBB gene expression analysis in M. polymorpha. All other primers were similarly 
designed by utilizing exon junctions. 
Gene 
Name 
Uniprot Library Name Forward Primer Reverse Primer 
Amplicon Size 
(bp) 
Primer 
Efficiency  
MpSBPase CHLOROPLAST 
SEDOHEPTULOSE-1,7-
BISPHOSPHATASE 
ACCGCCTGTGTCAACACTTT GAGCAAGCGTATTTGCACAC 105 107.5% 
MpFBPase FRUCTOSE-1,6-
BISPHOSPHATASE, 
CHLOROPLASTIC 
CTATCCGCTGGGTACTGCAT CCTGCTCTGCCAAGTAGCTC 136 108.4% 
MpPRK PHOSPHORIBULOKINASE TTCCACCATCTCCTGGATTC GTCGAATTGTCCGTCCATCT 126 101.2% 
MpRbcS1A RIBULOSE BISPHOSPHATE 
CARBOXYLASE SMALL CHAIN, 
CHLOROPLASTIC 
GAGAGGGTCTCGAACCTGAG TCCGAGATCGTCTCAGTCAA 150 98.7% 
MpRbcS1B RIBULOSE BISPHOSPHATE 
CARBOXYLASE SMALL CHAIN, 
CHLOROPLASTIC 
TCCGAACATGGGTAACTTCC TACGTCATCAAGAGCGGATG 132 97.9% 
MpPOR PROTOCHLOROPHYLLIDE 
REDUCTASE 
ACAGAGCCGAACCGAGACTA TTTCATTCCACTCCCGTACC 131 100.8% 
MpACT ACTIN 7 AGGCATCTGGTATCCACGAG ACATGGTCGTTCCTCCAGAC 108 98.4% 
MpAPT ADENINE PHOSPHORIBOSYL 
TRANSFERASE 3 
CGAAAGCCCAAGAAGCTACC GTACCCCCGGTTGCAATAAG 146 103.7% 
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Table 5. Highest homology hits in Calvin cycle protein homologs compared to A. thaliana (Ath), Brassica rapa 
(Bra), Glycine max (Gma), Oryza sativa (Osa), and Physcomitrella patens (Ppa) based on BLASTp alignment in 
Phytozome. The highest homology is based on the dual Affine Smith-Waterman score.  
M. polymorpha 
Gene Name 
M. polymorpha 
Gene Locus 
Protein Homolog Alignment 
Organism Gene Description Score Similarity 
MpFBPase Mapoly0047s0030 Ppa Pp3c7_15760V3.2 1878 78.2% 
  Gma Glyma.07G142700.1 - (M=2) 
PTHR11556:SF16 - FRUCTOSE-1,6-
BISPHOSPHATASE, 
CHLOROPLASTIC 
1793 74.7% 
  Bra Brara.I03677.1 - (M=3) 
PTHR11556:SF16 - FRUCTOSE-1,6-
BISPHOSPHATASE, 
CHLOROPLASTIC 
1780 78.4% 
  Osa LOC_Os03g16050.1 - fructose-1,6-
bisphosphatase, putative, 
expressed 
1738 72.2% 
  Ath AT3G54050.2 - high cyclic electron 
flow 1 
1686 70.3% 
MpPRK Mapoly0012s0175 Ppa Pp3c19_14070V3.2 2029 79.2% 
  Osa LOC_Os02g47020.1 - 
phosphoribulokinase/Uridine 
kinase family protein, expressed 
1967 78.5% 
  Gma Glyma.01G010200.1 - (M=2) 
2.7.1.19 - Phosphoribulokinase / 
Phosphopentokinase 
1926 77.1% 
  Bra Brara.I02650.1 - (M=3) 2.7.1.19 - 
Phosphoribulokinase / 
Phosphopentokinase 
1877 76.2% 
  Ath AT1G32060.1 - 
phosphoribulokinase 
1812 71.9% 
MpRbcS1A Mapoly0011s0071 Gma Glyma.13G097100.1 - (M=12) 
4.1.1.39 - Ribulose-bisphosphate 
carboxylase / RuBP carboxylase 
600 59.1% 
  Ppa Pp3c22_7400V3.2 571 60.2% 
  Ath AT1G67090.1 - ribulose 
bisphosphate carboxylase small 
chain 1A 
566 55.8% 
  Osa LOC_Os02g05830.1 - ribulose 
bisphosphate carboxylase small 
chain, chloroplast precursor, 
putative, expressed 
563 54.7% 
  Bra Brara.K01182.1 - (M=7) 4.1.1.39 - 
Ribulose-bisphosphate 
carboxylase / RuBP carboxylase 
547 55.2% 
MpRbcS1B Mapoly0132s0032 Gma Glyma.13G097100.1 - (M=12) 
4.1.1.39 - Ribulose-bisphosphate 
carboxylase / RuBP carboxylase 
614 59.7% 
  Ath AT1G67090.1 - ribulose 
bisphosphate carboxylase small 
chain 1A 
563 55.2% 
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Table 5. (cont.)      
MpRbcS1B Mapoly0132s0032 Bra Brara.K01182.1 - (M=7) 4.1.1.39 - 
Ribulose-bisphosphate 
carboxylase / RuBP carboxylase 
551 59.1% 
  Ppa Pp3c22_7400V3.2 550 58.0% 
  Osa LOC_Os02g05830.1 - ribulose 
bisphosphate carboxylase small 
chain, chloroplast precursor, 
putative, expressed 
536 55.2% 
MpSBPase Mapoly0024s0048 Ppa Pp3c5_5150V3.2 1653 78.8% 
  Osa LOC_Os04g16680.1 - fructose-1,6-
bisphosphatase, putative, 
expressed 
1637 78.0% 
  Gma Glyma.18G030400.1 - (M=3) 
3.1.3.37 - Sedoheptulose-
bisphosphatase / Sedoheptulose-
1,7-bisphosphatase 
1615 75.8% 
  Bra Brara.I03828.1 - (M=3) 3.1.3.37 - 
Sedoheptulose-bisphosphatase / 
Sedoheptulose-1,7-
bisphosphatase 
1582 73.2% 
  Ath AT3G55800.1 - sedoheptulose-
bisphosphatase 
1574 75.3% 
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Table 6. Sugar gradient treatment experimental design of M. polymorpha. 
Treatment Plate Count Gemmae Count Per Plate Total Gemmae 
0% sugar 3 7 21 
0.3% sucrose 3 7 21 
1% sucrose 3 7 21 
3% sucrose 3 7 21 
10% sucrose 3 7 21 
0.3% glucose 3 7 21 
1% glucose 3 7 21 
3% glucose 3 7 21 
10% glucose 3 7 21 
0.3% sucrose & 
glucose 3 7 21 
1% sucrose & 
glucose 3 7 21 
3% sucrose & 
glucose 3 7 21 
10% sucrose & 
glucose 3 7 21 
TOTALS 39 - 273 
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Table 7. KEGG orthologs between nuclear encoded M. polymorpha and A. thaliana CBB genes. * = M. 
polymorpha genes whose transcript abundance was measured in this work. x = Gene not used in the PWM 
enrichment analysis due to a promoter sequence gap within the 1 kb region of interest.  
Name KEGG Definition 
KEGG Orthology 
Identifier 
Gene Loci 
Marchantia 
polymorpha 
Arabidopsis 
thaliana 
ALDO fructose-bisphosphate aldolase, class I K01623 Mapoly0031s0128 
Mapoly0052s0049 
Mapoly0053s0082 
Mapoly0130s0033 
AT4G26520 
AT2G36460 
AT3G52930 
AT2G01140 
AT4G38970 
AT4G26530 
AT5G03690 
AT2G21330 
FBPase fructose-1,6-bisphosphatase I K03841 Mapoly0066s0105 
Mapoly0005s0291 
Mapoly0047s0030* 
AT1G43670 
AT3G54050 
AT5G64380 
GAPA glyceraldehyde-3-phosphate dehydrogenase 
(NADP+) (phosphorylating) 
K05298 Mapoly0055s0115 
Mapoly0057s0006 
AT3G26650 
AT1G42970 
AT1G12900 
GAPDH glyceraldehyde 3-phosphate dehydrogenase K00134 Mapoly0035s0073 
Mapoly0035s0014 
Mapoly0206s0011 
AT1G13440 
AT1G16300 
AT1G79530 
AT3G04120 
PGK phosphoglycerate kinase K00927 Mapoly0003s0167 
Mapoly0111s0004 
AT3G12780 
AT1G56190 
AT1G79550 
PRK phosphoribulokinase K00855 Mapoly0012s0175* AT1G32060 
rbcS ribulose-bisphosphate carboxylase small chain K01602 Mapoly0119s0030 
Mapoly0119s0031 
Mapoly0132s0032* 
Mapoly0011s0071* 
Mapoly0146s0013 
Mapoly0146s0014 
Mapoly0146s0015 
Mapoly0114s0053 
Mapoly0114s0052 
Mapoly0114s0055 
Mapoly0114s0057 
Mapoly0114s0051 
Mapoly0114s0056 
Mapoly0114s0049 
Mapoly0114s0050 
Mapoly0114s0054 
AT1G67090 
AT5G38420 
AT5G38410 
AT5G38430 
RPE ribulose-phosphate 3-epimerase K01783 Mapoly0209s0004 
Mapoly0016s0134 
AT1G63290 
AT5G61410 
AT3G01850 
rpiA ribose 5-phosphate isomerase A K01807 Mapoly0213s0005 AT1G71100 
AT2G01290 
AT3G04790 
AT5G44520 
SBPase sedoheptulose-bisphosphatase K01100 Mapoly0024s0048* AT3G55800 
TK transketolase K00615 Mapoly0013s0012 AT3G60750 
AT2G45290 
TPI triosephosphate isomerase (TIM) K01803 Mapoly0007s0110 
Mapoly0042s0045 
Mapoly0007s0011x 
AT3G55440 
AT2G21170 
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Table 8. Transcription factors in shared protein domain families between M. polymorpha and A. thaliana. 
Promoter motifs and binding transcription factors derived from A. thaliana used in the enrichment analysis.  
Protein Domain 
Family 
Gene 
Name/Gene 
Model 
Description Gene Locus 
Transcription Factor-Binding 
Motif(s) 
ABI3VP1 Family AtABI3 ABI3 (ABA INSENSITIVE 3); DNA binding / 
transcription activator/ transcription factor 
AT3G24650.1 Athaliana-JASPAR_2014-
ABI3-MA0564.1     
Athaliana-cispb_1.02-
M2357_1.02  
AtFUS3 FUS3 (FUSCA 3); DNA binding / transcription 
factor 
AT3G26790.1 Athaliana-cispb_1.02-
M2358_1.02     
Athaliana-JASPAR_2014-
FUS3-MA0565.1  
AtLEC2 LEC2 (LEAFY COTYLEDON 2); transcription 
factor 
AT1G28300.1 Athaliana-JASPAR_2014-
LEC2-MA0581.1     
Athaliana-cispb_1.02-
M2374_1.02     
Athaliana-cispb_1.02-
M0146_1.02 
AP2-EREBP Family AtANT ANT (AINTEGUMENTA); DNA binding / 
transcription factor 
AT4G37750.1 Athaliana-cispb_1.02-
M2364_1.02     
Athaliana-cispb_1.02-
M2631_1.02     
Athaliana-JASPAR_2014-
ANT-MA0571.1  
AT1G22985.1 AP2 domain-containing transcription factor, 
putative 
AT1G22985.1 Athaliana-cispb_1.02-
M0007_1.02  
AT1G22985.1 
  
Athaliana-cispb_1.02-
M0016_1.02  
AT1G25560.1 AP2 domain-containing transcription factor, 
putative 
AT1G25560.1 Athaliana-cispb_1.02-
M0008_1.02  
AT1G51120.1 AP2 domain-containing transcription factor, 
putative 
AT1G51120.1 Athaliana-cispb_1.02-
M0079_1.02  
AT1G75490.1 DNA binding / transcription factor AT1G75490.1 Athaliana-cispb_1.02-
M0015_1.02  
AT2G33710.2 AP2 domain-containing transcription factor 
family protein 
AT2G33710.2 Athaliana-cispb_1.02-
M0018_1.02  
AT3G23230 ethylene-responsive factor, putative AT3G23230.1 Athaliana-cispb_1.02-
M0024_1.02  
AT3G25730.1 AP2 domain-containing transcription factor, 
putative 
AT3G25730.1 Athaliana-cispb_1.02-
M0080_1.02     
Athaliana-cispb_1.02-
M0081_1.02  
AT4G16750.1 DRE-binding transcription factor, putative AT4G16750.1 Athaliana-cispb_1.02-
M0026_1.02  
AT4G32800.1 AP2 domain-containing transcription factor 
TINY, putative 
AT4G32800.1 Athaliana-cispb_1.02-
M0034_1.02  
AT5G07580.1 DNA binding / transcription factor AT5G07580.1 Athaliana-cispb_1.02-
M0035_1.02  
AT5G43410.1 ethylene-responsive factor, putative AT5G43410.1 Athaliana-cispb_1.02-
M0037_1.02  
AT5G51190.1 AP2 domain-containing transcription factor, 
putative 
AT5G51190.1 Athaliana-cispb_1.02-
M0040_1.02  
ATERF-1 ATERF-1 (ETHYLENE RESPONSIVE ELEMENT 
BINDING FACTOR 1); DNA binding / 
transcription activator/ transcription factor 
AT4G17500.1 Athaliana-cispb_1.02-
M0028_1.02 
 
ATERF13 ATERF13/EREBP (ETHYLENE-RESPONSIVE 
ELEMENT BINDING FACTOR 13); DNA binding 
/ transcription factor 
AT2G44840.1 Athaliana-cispb_1.02-
M0020_1.02 
 
ATERF15 ATERF15 (ETHYLENE-RESPONSIVE ELEMENT 
BINDING FACTOR 15); DNA binding / 
transcription activator/ transcription factor 
AT2G31230.1 Athaliana-cispb_1.02-
M0017_1.02 
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Table 8. (cont.)    
AP2-EREBP Family ATERF6 ATERF6 (ETHYLENE RESPONSIVE ELEMENT 
BINDING FACTOR 6); DNA binding / 
transcription factor 
AT4G17490.1 Athaliana-cispb_1.02-
M0027_1.02 
 
ATERF8 ATERF-8/ATERF8 (ETHYLENE RESPONSE 
ELEMENT BINDING FACTOR 4); DNA binding / 
transcription factor/ transcription repressor 
AT1G53170.1 Athaliana-cispb_1.02-
M0012_1.02 
 
AtCBF2 CBF2 (FREEZING TOLERANCE QTL 4); DNA 
binding / transcription activator/ transcription 
factor 
AT4G25470.1 Athaliana-cispb_1.02-
M0030_1.02 
 
AtCRF2 CRF2 (CYTOKININ RESPONSE FACTOR 2); DNA 
binding / transcription factor 
AT4G23750.1 Athaliana-cispb_1.02-
M0029_1.02  
AtCRF3 CRF3 (CYTOKININ RESPONSE FACTOR 3); DNA 
binding / transcription factor 
AT5G53290.1 Athaliana-cispb_1.02-
M0041_1.02  
AtCRF4 CRF4 (CYTOKININ RESPONSE FACTOR 4); DNA 
binding / transcription factor 
AT4G27950.1 Athaliana-cispb_1.02-
M0033_1.02  
AtDREB1A DREB1A (DEHYDRATION RESPONSE ELEMENT 
B1A); DNA binding / transcription activator/ 
transcription factor 
AT4G25480.1 Athaliana-cispb_1.02-
M0031_1.02 
    
Athaliana-cispb_1.02-
M0032_1.02  
AtERF1 ATERF1/ERF1 (ETHYLENE RESPONSE FACTOR 
1); DNA binding / transcription activator/ 
transcription factor 
AT3G23240.1 Athaliana-JASPAR_2014-
ERF1-MA0567.1 
    
Athaliana-cispb_1.02-
M0025_1.02     
Athaliana-cispb_1.02-
M2360_1.02  
AtERF11 ATERF11/ERF11 (ERF domain protein 11); DNA 
binding / transcription factor/ transcription 
repressor 
AT1G28370.1 Athaliana-cispb_1.02-
M0009_1.02 
 
AtERF2 ATERF-2/ATERF2/ERF2 (ETHYLENE RESPONSE 
FACTOR 2); DNA binding / transcription 
activator/ transcription factor 
AT5G47220.1 Athaliana-cispb_1.02-
M0038_1.02 
 
AtERF3 ATERF3/ERF3 (ETHYLENE RESPONSIVE 
ELEMENT BINDING FACTOR 3); DNA binding / 
protein binding / transcription factor/ 
transcription repressor 
AT1G50640.1 Athaliana-cispb_1.02-
M0011_1.02 
 
AtERF4 ATERF-4/ATERF4/ERF4/RAP2.5 (ETHYLENE 
RESPONSIVE ELEMENT BINDING FACTOR 4); 
DNA binding / protein binding / transcription 
factor/ transcription repressor 
AT3G15210.1 Athaliana-cispb_1.02-
M0022_1.02 
 
AtERF5 ERF5 (ETHYLENE RESPONSIVE ELEMENT 
BINDING FACTOR 5); DNA binding / 
transcription activator/ transcription factor 
AT5G47230.1 Athaliana-cispb_1.02-
M0039_1.02 
 
AtERF7 ATERF-7/ATERF7/ERF7 (ETHYLINE RESPONSE 
FACTOR7); DNA binding / protein binding / 
transcription factor/ transcription repressor 
AT3G20310.1 Athaliana-cispb_1.02-
M0023_1.02 
 
AtHRD HRD (HARDY); DNA binding / transcription 
activator/ transcription factor 
AT2G36450.1 Athaliana-cispb_1.02-
M0019_1.02  
AtORA47 ORA47; DNA binding / transcription factor AT1G74930.1 Athaliana-cispb_1.02-
M0014_1.02  
AtORA59 ethylene-responsive factor, putative AT1G06160.1 Athaliana-cispb_1.02-
M0005_1.02  
AtRAP2.2 RAP2.2; DNA binding / transcription factor AT3G14230.1 Athaliana-cispb_1.02-
M0021_1.02  
AtRAP2.6 RAP2.6 (related to AP2 6); DNA binding / 
transcription factor 
AT1G43160.1 Athaliana-cispb_1.02-
M0010_1.02  
AtRAP2.6L RAP2.6L (related to AP2 6L); DNA binding / 
transcription factor 
AT5G13330.1 Athaliana-cispb_1.02-
M0036_1.02  
AtRAV1 RAV1 (Related to ABI3/VP1 1); DNA binding / 
transcription factor 
AT1G13260.1 Athaliana-cispb_1.02-
M0077_1.02     
Athaliana-JASPAR_2014-
RAV1 (var.2)-MA0583.1      
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Table 8. (cont.)    
AP2-EREBP Family AtRAV1 RAV1 (Related to ABI3/VP1 1); DNA binding / 
transcription factor 
AT1G13260.1 Athaliana-JASPAR_2014-
RAV1-MA0582.1 
 
   
Athaliana-cispb_1.02-
M2376_1.02     
Athaliana-cispb_1.02-
M2375_1.02     
Athaliana-cispb_1.02-
M2866_1.02     
Athaliana-cispb_1.02-
M2867_1.02     
Athaliana-cispb_1.02-
M0078_1.02  
AtRAV2 RAV2 (REGULATOR OF THE ATPASE OF THE 
VACUOLAR MEMBRANE); DNA binding / 
transcription factor 
AT1G68840.1 Athaliana-cispb_1.02-
M0013_1.02 
 
AtSMZ SMZ (SCHLAFMUTZE); DNA binding / 
transcription factor 
AT3G54990.1 Athaliana-cispb_1.02-
M2346_1.02     
Athaliana-JASPAR_2014-
SMZ-MA0553.1  
AtWIN1 SHN1/WIN1 (SHINE1); DNA binding / 
transcription factor 
AT1G15360.1 Athaliana-cispb_1.02-
M0006_1.02 
ARF Family AtARF8 ARF8 (AUXIN RESPONSE FACTOR 8); 
transcription factor 
AT5G37020.1 Athaliana-cispb_1.02-
M0147_1.02 
ARR-B Family AtARR10 ARR10 (ARABIDOPSIS RESPONSE REGULATOR 
10); transcription factor/ two-component 
response regulator 
AT4G31920.1 Athaliana-JASPAR_2014-
ARR10-MA0121.1 
    
Athaliana-JASPAR_CORE-
ARR10-MA0121.1 
AT Hook Family AtAHL13 AHL13, AT-HOOK MOTIF NUCLEAR LOCALIZED 
PROTEIN 13 
AT4G17950.1 Athaliana-cispb_1.02-
M0119_1.02 
BES1 Family AtBES1 BES1 (BRI1-EMS-SUPPRESSOR 1) AT1G19350.3 Athaliana-JASPAR_2014-
BES1-MA0549.1  
AtBZR1 BZR1 (BRASSINAZOLE-RESISTANT 1); 
transcription regulator 
AT1G75080.1 Athaliana-JASPAR_2014-
BZR1-MA0550.1 
bHLH Family AT1G01260.1 basic helix-loop-helix (bHLH) family protein AT1G01260.1 Athaliana-cispb_1.02-
M0150_1.02  
AT2G18300.3 basic helix-loop-helix (bHLH) family protein AT2G18300.3 Athaliana-cispb_1.02-
M0155_1.02  
AT3G23210.1 basic helix-loop-helix (bHLH) family protein AT3G23210.1 Athaliana-cispb_1.02-
M0157_1.02  
AT4G14410.1 basic helix-loop-helix (bHLH) family protein AT4G14410.1 Athaliana-cispb_1.02-
M0159_1.02  
AT4G17880.1 basic helix-loop-helix (bHLH) family protein AT4G17880.1 Athaliana-cispb_1.02-
M2362_1.02     
Athaliana-cispb_1.02-
M0160_1.02     
Athaliana-JASPAR_2014-
MYC4-MA0569.1  
AT5G46760.1 basic helix-loop-helix (bHLH) family protein AT5G46760.1 Athaliana-cispb_1.02-
M2361_1.02     
Athaliana-cispb_1.02-
M0165_1.02     
Athaliana-JASPAR_2014-
MYC3-MA0568.1  
AT5G48560.1 basic helix-loop-helix (bHLH) family protein AT5G48560.1 Athaliana-cispb_1.02-
M0166_1.02     
Athaliana-cispb_1.02-
M0152_1.02     
Athaliana-JASPAR_2014-
MYC2-MA0566.1  
AtBEE2 BEE2 (BR ENHANCED EXPRESSION 2); DNA 
binding / transcription factor 
AT4G36540.1 Athaliana-cispb_1.02-
M0161_1.02 
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Table 8. (cont.)    
bHLH Family AtBIM1 BIM1 (BES1-interacting Myc-like protein 1); 
DNA binding / transcription factor 
AT5G08130.5 Athaliana-cispb_1.02-
M0163_1.02  
AtBIM2 BIM2 (BES1-INTERACTING MYC-LIKE PROTEIN 
2); DNA binding / transcription factor 
AT1G69010.1 Athaliana-cispb_1.02-
M0154_1.02  
AtBIM3 BIM3 (BES1-INTERACTING MYC-LIKE PROTEIN 
3); DNA binding / transcription factor 
AT5G38860.1 Athaliana-cispb_1.02-
M0164_1.02  
AtDYT1 DYT1 (DYSFUNCTIONAL TAPETUM 1); DNA 
binding / transcription factor 
AT4G21330.1 Athaliana-JASPAR_2014-
DYT1-MA0580.1     
Athaliana-cispb_1.02-
M2373_1.02  
AtILR3 ILR3 (IAA-LEUCINE RESISTANT3); DNA binding 
/ transcription factor 
AT5G54680.1 Athaliana-cispb_1.02-
M0167_1.02  
AtMYC2 ATMYC2 (JASMONATE INSENSITIVE 1); DNA 
binding / transcription factor 
AT1G32640.1 Athaliana-cispb_1.02-
M2359_1.02  
AtPIF3 PAP3/PIF3/POC1 (PHYTOCHROME 
INTERACTING FACTOR 3); DNA binding / 
protein binding / transcription factor/ 
transcription regulator 
AT1G09530.1 Athaliana-JASPAR_2014-
PIF3-MA0560.1 
    
Athaliana-cispb_1.02-
M2353_1.02     
Athaliana-cispb_1.02-
M0151_1.02     
Athaliana-cispb_1.02-
M2863_1.02     
Athaliana-cispb_1.02-
M2862_1.02  
AtPIF4 PIF4 (PHYTOCHROME INTERACTING FACTOR 
4); DNA binding / transcription factor 
AT2G43010.1 Athaliana-JASPAR_2014-
PIF4-MA0561.1     
Athaliana-cispb_1.02-
M2354_1.02  
AtPIL5 PIL5 (PHYTOCHROME INTERACTING FACTOR 
3-LIKE 5); transcription factor 
AT2G20180.2 Athaliana-JASPAR_2014-
PIL5-MA0552.1     
Athaliana-cispb_1.02-
M2345_1.02     
Athaliana-cispb_1.02-
M0156_1.02  
AtPIL6 PIL6 (PHYTOCHROME-INTERACTING FACTOR 
5); DNA binding / transcription factor 
AT3G59060.2 Athaliana-cispb_1.02-
M2355_1.02     
Athaliana-JASPAR_2014-
PIF5-MA0562.1  
AtSPT SPT (SPATULA); DNA binding / transcription 
factor 
AT4G36930.1 Athaliana-cispb_1.02-
M0162_1.02  
AtUNE10 UNE10 (unfertilized embryo sac 10); DNA 
binding / transcription factor 
AT4G00050.1 Athaliana-cispb_1.02-
M0158_1.02  
AtZCW32 ZCW32 (BIGPETAL, BIGPETALUB); DNA binding 
/ transcription factor 
AT1G59640.2 Athaliana-cispb_1.02-
M0153_1.02 
bZIP Family AtABF1 ABF1 (ABSCISIC ACID RESPONSIVE ELEMENT-
BINDING FACTOR 1); DNA binding / 
transcription activator/ transcription factor 
AT1G49720.2 Athaliana-JASPAR_2014-
ABF1-MA0570.1 
    
Athaliana-cispb_1.02-
M0258_1.02     
Athaliana-cispb_1.02-
M2363_1.02     
Athaliana-cispb_1.02-
M0257_1.02  
AtABF2 ABF2 (ABSCISIC ACID RESPONSIVE ELEMENTS-
BINDING FACTOR 2) 
AT1G45249.3 Athaliana-cispb_1.02-
M0256_1.02  
AtABF3 ABF3/DPBF5 (ABSCISIC ACID RESPONSIVE 
ELEMENTS-BINDING FACTOR 3); DNA binding 
/ protein binding / transcription activator/ 
transcription factor 
AT4G34000.1 Athaliana-cispb_1.02-
M0267_1.02 
 
AtABI5 ABI5 (ABA INSENSITIVE 5); DNA binding / 
transcription activator/ transcription factor 
AT2G36270.1 Athaliana-cispb_1.02-
M0261_1.02  
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Table 8. (cont.)    
bZIP Family AtAHBP-1B AHBP-1B (bZIP transcription factor HBP-1b 
homolog); DNA binding / transcription factor/ 
transcription repressor 
AT5G06950.1 Athaliana-cispb_1.02-
M0269_1.02 
 
AT1G77920.1 bZIP family transcription factor AT1G77920.1 Athaliana-cispb_1.02-
M0259_1.02  
AT2G21230.3 bZIP family transcription factor AT2G21230.3 Athaliana-cispb_1.02-
M0260_1.02  
AT2G40620.1 bZIP transcription factor family protein AT2G40620.1 Athaliana-cispb_1.02-
M0262_1.02  
AtBZIP17 BZIP17; DNA binding / transcription activator/ 
transcription factor 
AT2G40950.1 Athaliana-cispb_1.02-
M0263_1.02  
AtbZIP68 bZIP transcription factor family protein AT1G32150.1 Athaliana-cispb_1.02-
M0255_1.02  
AtBZO2H3 BZO2H3 (ARABIDOPSIS THALIANA BASIC 
LEUCINE ZIPPER 63); DNA binding / 
transcription factor 
AT5G28770.2 Athaliana-cispb_1.02-
M0272_1.02 
 
AtGBF1 GBF1 (G-box binding factor 1); transcription 
factor 
AT4G36730.1 Athaliana-cispb_1.02-
M0268_1.02  
AtGBF2 GBF2 (G-BOX BINDING FACTOR 2); DNA 
binding / transcription factor 
AT4G01120.1 Athaliana-cispb_1.02-
M0266_1.02  
AtGBF3 GBF3 (G-BOX BINDING FACTOR 3); 
transcription factor 
AT2G46270.1 Athaliana-cispb_1.02-
M0264_1.02  
AtHY5 HY5 (ELONGATED HYPOCOTYL 5); DNA 
binding / transcription factor 
AT5G11260.1 Athaliana-cispb_1.02-
M2344_1.02     
Athaliana-JASPAR_2014-
HY5-MA0551.1  
AtOBF5 OBF5 (OCS-ELEMENT BINDING FACTOR 5); 
DNA binding / transcription factor 
AT5G06960.1 Athaliana-cispb_1.02-
M0270_1.02  
AtTGA1 TGA1; DNA binding / calmodulin binding / 
transcription factor 
AT5G65210.2 Athaliana-cispb_1.02-
M0273_1.02     
Athaliana-cispb_1.02-
M2381_1.02     
Athaliana-JASPAR_2014-
TGA1-MA0588.1  
AtTGA4 TGA4 (TGACG MOTIF-BINDING FACTOR 4); 
DNA binding / calmodulin binding / 
transcription factor 
AT5G10030.1 Athaliana-cispb_1.02-
M0271_1.02 
 
AtTGA6 TGA6 (TGA1a-related gene 6); DNA binding / 
transcription factor 
AT3G12250.4 Athaliana-cispb_1.02-
M0265_1.02 
FAR1 Family AtFHY3 FHY3 (FAR-RED ELONGATED HYPOCOTYLS 3); 
transcription factor 
AT3G22170.1 Athaliana-JASPAR_2014-
FHY3-MA0557.1 
HB Family ATHB-1 ATHB-1 (Homeobox-leucine zipper protein 
HAT5); transcription factor 
AT3G01470.1 Athaliana-JASPAR_2014-
ATHB1-MA0572.1     
Athaliana-JASPAR_2014-
HAT5-MA0008.1     
Athaliana-JASPAR_CORE-
HAT5-MA0008.1  
ATHB5 ATHB5 (ARABIDOPSIS THALIANA HOMEOBOX 
PROTEIN 5); transcription factor 
AT5G65310.1 Athaliana-JASPAR_2014-
ATHB5-MA0110.2     
Athaliana-JASPAR_CORE-
ATHB-5-MA0110.1  
ATHB9 PHV (PHAVOLUTA); DNA binding / 
transcription factor 
AT1G30490.1 Athaliana-JASPAR_2014-
ATHB9-MA0573.1 
HMGA Family AtHMGA HIGH MOBILITY GROUP A, HMGA AT1G14900.1 Athaliana-cispb_1.02-
M0118_1.02 
LFY Family AtLFY LFY (LEAFY); transcription factor AT5G61850.1 Athaliana-JASPAR_2014-LFY-
MA0590.1 
MADS Family AtSEP1 SEP1 (SEPALLATA1) AT5G15800.2 Athaliana-JASPAR_2014-
SEP1-MA0584.1  
AtSEP3 SEP3 (SEPALLATA3); transcription factor AT1G24260.2 Athaliana-JASPAR_2014-
SEP3-MA0563.1  
AtSEP4 SEP4 (SEPALLATA4); DNA binding / 
transcription factor 
AT2G03710.1 Athaliana-JASPAR_CORE-
AGL3-MA0001.1      
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Table 8. (cont.)    
MADS Family AtSEP4 SEP4 (SEPALLATA4); DNA binding / 
transcription factor 
AT2G03710.1 Athaliana-JASPAR_2014-
SEP4-MA0001.2 
 AtAG AG (AGAMOUS); transcription factor AT4G18960.1 Athaliana-JASPAR_CORE-AG-
MA0005.1     
Athaliana-JASPAR_2014-AG-
MA0005.2  
AtAGL15 AGL15 (AGAMOUS-LIKE 15); DNA binding / 
transcription factor 
AT5G13790.1 Athaliana-JASPAR_2014-
AGL15-MA0548.1  
AtAGL20 AGL20 (AGAMOUS-LIKE 20); transcription 
factor 
AT2G45660.1 Athaliana-JASPAR_2014-
SOC1-MA0554.1  
AtAP3 AP3 (APETALA 3); DNA binding / transcription 
factor 
AT3G54340.1 Athaliana-JASPAR_2014-
AP3-MA0556.1  
AtFLC FLC (FLOWERING LOCUS C); transcription 
factor 
AT5G10140.1 Athaliana-JASPAR_2014-FLC-
MA0558.1  
AtPI PI (PISTILLATA); DNA binding / transcription 
factor 
AT5G20240.1 Athaliana-JASPAR_2014-PI-
MA0559.1  
AtSHP1 SHP1 (SHATTERPROOF 1); DNA binding / 
transcription factor 
AT3G58780.3 Athaliana-JASPAR_2014-
SHP1-MA0585.1  
AtSVP SVP (SHORT VEGETATIVE PHASE); 
transcription factor 
AT2G22540.1 Athaliana-JASPAR_2014-
SVP-MA0555.1 
MYB Family ATCDC5 ATCDC5 (ARABIDOPSIS THALIANA HOMOLOG 
OF CDC5); DNA binding / transcription factor 
AT1G09770.1 Athaliana-JASPAR_2014-
CDC5-MA0579.1  
AtMYB15 AtMYB15/AtY19/MYB15 (myb domain protein 
15); DNA binding / transcription factor 
AT3G23250.1 Athaliana-JASPAR_2014-
AtMYB15-MA0574.1  
AtMYB77 MYB77; DNA binding / transcription factor AT3G50060.1 Athaliana-JASPAR_2014-
AtMYB77-MA0575.1  
AtMYB84 ATMYB84/MYB84/RAX3 (myb domain protein 
84); DNA binding / transcription factor 
AT3G49690.1 Athaliana-JASPAR_2014-
AtMYB84-MA0576.1 
SBP Family AtSPL14 SPL14 (SQUAMOSA PROMOTER BINDING 
PROTEIN-LIKE 14); DNA binding / transcription 
factor 
AT1G20980.1 Athaliana-JASPAR_2014-
SPL14-MA0586.1 
 
AtSPL3 SPL3 (SQUAMOSA PROMOTER BINDING 
PROTEIN-LIKE 3); transcription factor 
AT2G33810.1 Athaliana-JASPAR_2014-
AtSPL3-MA0577.1  
AtSPL8 SPL8 (SQUAMOSA PROMOTER BINDING 
PROTEIN-LIKE 8); DNA binding 
AT1G02065.1 Athaliana-JASPAR_2014-
AtSPL8-MA0578.1 
TCP Family AtTCP16 TCP16 (TCP domain protein 16); transcription 
factor 
AT3G45150.1 Athaliana-JASPAR_2014-
TCP16-MA0587.1 
WRKY Family AtZAP1 ZAP1 (WRKY FAMILY TRANSCRIPTION FACTOR 
1); transcription activator/ transcription factor 
AT2G04880.1 Athaliana-JASPAR_2014-
ZAP1-MA0589.1 
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Table 9. Significantly enriched position weight matrix (PWM) motifs in A. thaliana CBB promoters by rank based 
on the lowest P-value ( P<0.05, P<0.01 and P<0.001). The raw affinity score and top motifs breadth of 
enrichment using a 5% ranking threshold are also listed. 
Rank Motif ID PWM 
Transcription 
Factor Name or 
Gene Model 
Biological Function Raw Score P-value 
Top 
Motifs 
1 
Athaliana-cispb_1.02- 
M0266_1.02  
AtGBF2 Light 2.331 0.0000007 13% 
2 
Athaliana-cispb_1.02- 
M0255_1.02 
 
AtbZIP68 Unknown 3.276 0.0000038 11% 
3 
Athaliana-cispb_1.02- 
M0264_1.02 
 
AtGBF3 Abscisic Acid 2.834 0.0000090 11% 
4 
Athaliana-cispb_1.02- 
M0268_1.02 
 
AtGBF1 Light 6.709 0.0001227 16% 
5 
Athaliana-cispb_1.02- 
M2354_1.02 
 
AtPIF4 Light 1.148 0.0001284 16% 
6 
Athaliana-cispb_1.02- 
M0079_1.02 
 
AT1G51120 Ethylene 1.088 0.0001314 8% 
7 
Athaliana-cispb_1.02- 
M0263_1.02 
 
AtBZIP17 Salt 1.721 0.0001625 8% 
8 
Athaliana-cispb_1.02- 
M0077_1.02 
 
AtRAV1 Ethylene 1.256 0.0001728 11% 
9 
Athaliana-cispb_1.02- 
M2359_1.02 
 
AtMYC2 Light 1.194 0.0002081 16% 
10 
Athaliana-cispb_1.02- 
M0258_1.02 
 
AtABF1 Abscisic acid 9.937 0.0003094 16% 
11 
Athaliana-cispb_1.02- 
M0080_1.02 
 
AtEDF3 Ethylene 1.215 0.0005201 16% 
12 
Athaliana- 
JASPAR_2014- 
PIF4-MA0561.1  
AtPIF4 Light 15.496 0.0015280 18% 
13 
Athaliana-cispb_1.02- 
M0262_1.02 
 
AT2G40620 Unknown 1.158 0.0015634 5% 
14 
Athaliana-cispb_1.02- 
M0151_1.02 
 
AtPOC1 Light 2.302 0.0017149 0% 
15 
Athaliana-cispb_1.02- 
M0261_1.02 
 
AtABI5 Glucose 17.141 0.0019169 18% 
16 
Athaliana-cispb_1.02- 
M0153_1.02  
AtZCW32 Development 2.371 0.0019884 0% 
17 
Athaliana-cispb_1.02- 
M0167_1.02  
AtILR3 Auxin 2.957 0.0020101 0% 
18 
Athaliana- 
JASPAR_2014- 
HY5-MA0551.1  
AtHY5 Light 329.563 0.0022732 13% 
19 
Athaliana-cispb_1.02- 
M0257_1.02  
AtABF1 Abscisic acid 4.477 0.0031717 8% 
20 
Athaliana- 
JASPAR_2014- 
PIF3-MA0560.1  
AtPIF3 Light 13.880 0.0037406 13% 
21 
Athaliana-cispb_1.02- 
M0273_1.02  
AtTGA1 Defense 1.390 0.0040254 8% 
22 
Athaliana-cispb_1.02- 
M0165_1.02  
AtMYC3 Jasmonic acid 1.606 0.0048160 0% 
23 
Athaliana-cispb_1.02- 
M0156_1.02  
AtPIL5 Light 6.090 0.0078903 3% 
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Table 9. (cont)       
24 
Athaliana-cispb_1.02- 
M0256_1.02  
ATAREB2 Glucose 6.646 0.0085902 8% 
25 
Athaliana- 
JASPAR_2014- 
AtSPL8-MA0578.1  
AtSPL9 Development 1.162 0.0086833 21% 
26 
Athaliana- 
JASPAR_2014- 
SEP3-MA0563.1  
AtSEP3 Development 4.369 0.0095641 13% 
27 
Athaliana-cispb_1.02- 
M0150_1.02  
AT1G01260 Jasmonic acid 5.704 0.0106837 11% 
28 
Athaliana-cispb_1.02- 
M2344_1.02  
AtHY5 Light 1.150 0.0111702 8% 
29 
Athaliana-cispb_1.02- 
M0161_1.02  
AtBEE2 Brassinosteroid 2.404 0.0133376 0% 
30 
Athaliana-cispb_1.02- 
M0162_1.02  
AtSPT Light 4.656 0.0137982 3% 
31 
Athaliana- 
JASPAR_2014- 
BZR1-MA0550.1  
AtBZR1 Development 18.714 0.0142044 13% 
32 
Athaliana- 
JASPAR_2014- 
TGA1-MA0588.1  
AtTGA1 Defense 3.568 0.0153850 11% 
33 
Athaliana- 
JASPAR_2014- 
PIF5-MA0562.1  
AtPIF5 Light 4.805 0.0263007 11% 
34 
Athaliana-cispb_1.02- 
M0272_1.02  
AtbZIP63 Glucose 8.088 0.0263012 11% 
35 
Athaliana- 
JASPAR_2014- 
PIL5-MA0552.1  
AtPIL5 Light 14.044 0.0282626 8% 
36 
Athaliana-cispb_1.02- 
M0269_1.02  
AtTGA2 Salicylic acid 1.513 0.0298272 3% 
37 
Athaliana- 
JASPAR_2014- 
SEP1-MA0584.1  
AtSEP1 Development 3.259 0.0307948 11% 
38 
Athaliana-cispb_1.02- 
M0163_1.02  
AtBIM1 Shade avoidance 1.957 0.0311175 0% 
39 
Athaliana- 
JASPAR_2014- 
MYC3-MA0568.1  
AtMYC3 Jasmonic acid 3.320 0.0328230 3% 
40 
Athaliana-cispb_1.02- 
M0016_1.02  
AtRAP2.4 Ethylene 2.300 0.0366927 5% 
41 
Athaliana-cispb_1.02- 
M0271_1.02  
AtTGA4 Defense 1.737 0.0380077 5% 
42 
Athaliana- 
JASPAR_CORE- 
ARR10-MA0121.1  
AtARR10 Development 1.374 0.0391584 8% 
43 
Athaliana- 
JASPAR_2014- 
ARR10-MA0121.1  
AtARR10 Development 1.374 0.0391584 8% 
44.5 
Athaliana- 
JASPAR_2014- 
ABF1-MA0570.1  
AtABF1 Abscisic Acid 93.469 0.0399108 8% 
44.5 
Athaliana-cispb_1.02- 
M0152_1.02  
AtMYC2 Light 2.587 0.0405443 0% 
46 
Athaliana-cispb_1.02- 
M0160_1.02  
AtMYC4 Jasmonic acid 2.468 0.0436655 0% 
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Table 9. (cont)       
47 
Athaliana- 
JASPAR_2014- 
FHY3-MA0557.1  
AtATCBF3 Light 8.361 0.0450390 8% 
48 
Athaliana- 
JASPAR_2014- 
BES1-MA0549.1  
AtBES1 Brassinosteroid 7.584 0.0505390 8% 
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Table 10. Significantly enriched position weight matrix (PWM) motifs in M. polymorpha CBB promoters by rank 
based on the lowest P-value ( P<0.05, P<0.01 and P<0.001). The raw affinity score and top motifs breadth 
of enrichment using a 5% ranking threshold are also listed. 
Rank Motif ID PWM 
Transcription 
Factor Name or 
Gene Model 
Biological 
Function 
Raw 
Score 
P-value 
Top 
Motifs 
1 
Athaliana-cispb_1.02- 
M0118_1.02 
 
AtHMGA 
Nucleosome 
assembly 
1.360 0.0003765 24% 
2 Athaliana-JASPAR_CORE- 
ATHB-5-MA0110.1  
ATHB-6 Abscisic acid 2.096 0.0203323 16% 
3 
Athaliana-cispb_1.02-
M0263_1.02  
AtBZIP17 Salt 0.999 0.0496791 8% 
4 
Athaliana-cispb_1.02-
M0264_1.02  
AtGBF3 Abscisic Acid 1.041 0.0540196 8% 
5 
Athaliana-cispb_1.02-
M2354_1.02  
AtPIF4 Light 1.069 0.0570630 16% 
6 Athaliana-cispb_1.02-
M0119_1.02  
AT4G17950 Unknown 2.660 0.0604629 16% 
7 Athaliana-JASPAR_2014-
SEP3-MA0563.1  
AtSEP3 Development 1.700 0.0613756 8% 
8 
Athaliana-cispb_1.02-
M0268_1.02  
AtGBF1 Light 1.254 0.0666095 3% 
9 
Athaliana-cispb_1.02-
M2364_1.02  
AtANT Development 1.085 0.0694850 13% 
10 
Athaliana-cispb_1.02-
M2361_1.02  
AtMYC3 Jasmonic acid 1.639 0.0742058 8% 
11 Athaliana-cispb_1.02-
M0270_1.02  
AtOBF5 Salicylic acid 0.978 0.0803212 18% 
12 
Athaliana-cispb_1.02-
M2866_1.02  
AtRAV1 Ethylene 0.515 0.0805487 18% 
13 
Athaliana-JASPAR_CORE-
AGL3-MA0001.1  
AtAGL3 Development 0.991 0.0883274 11% 
14 Athaliana-cispb_1.02-
M2357_1.02  
AtABI3 Abscisic acid 2.214 0.0930361 8% 
15 
Athaliana-cispb_1.02-
M2359_1.02  
AtMYC2 Light 1.031 0.1058232 13% 
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Figure 1. Phylogenetic tree showing the relationship between extant bryophytes and angiosperms. Species of 
interest include the bryophyte M. polymorpha in the liverwort group and the angiosperm A. thaliana in the 
eudicot group. The indication for estimated divergence between plant groups is in millions of years ago (Ma) 
with notable events in plant evolution listed. This phylogenetic tree was adapted and modified from Pires and 
Dolan (2012) and Pandey and Alam (2016).  
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Figure 2. Example life cycle of M. polymorpha thalli growth after (A) zero weeks (the day of asexual gemmae 
propagation), (B) two weeks, (C) three weeks, (D) four weeks, (E) five weeks and (F) seven weeks (the start of 
thalli senescence) on ½ B5 solid 1% agar. 
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Figure 3. Example dark treatment experimental setup. M. polymorpha plant growth after four weeks on ½ B5 
solid 1% agar media prior to (A) continuous light or (B) 8 h of dark.  
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Figure 4. Example sugar treatment experimental setup. M. polymorpha plant growth after four weeks on ½ B5 
solid 1% agar media with (A) no sugar control, (B) 0.3% sucrose, (C) 1% sucrose, (D) 3% sucrose, (E) 10% sucrose, 
(F) 0.3% glucose, (G) 1% glucose, (H) 3% glucose, (I) 10% glucose, (J) 0.3% sucrose and glucose combination, (K) 
1% combination of each, (L) 3% combination of each, and (M) 10% sucrose and glucose combination. 
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Figure 5. Effect of sugar gradient on four-week old M. polymorpha thalli area. Thalli was grown on either no 
sugar (0 sugar concentration %), or a gradient of 0.3%, 1%, 3% or 10% of glucose, sucrose or a sucrose and 
glucose combination in ½ B5 solid media for four weeks. Error bars represent standard error of the means (n=3). 
Statistically significant differences were assessed by a Bonferroni adjusted one-way ANOVA. Statistical 
differences (*P<0.05, **P<0.01 and ***P<0.001) for 0.3% sugar, 1% sugar, 3% sugar, and 10% sugar versus 0% 
sugar concentration (control) were observed based on sugar type. Significance asterisk colors represent sugar 
type used in the statistical analysis:  red is glucose, blue is sucrose and purple is sucrose and glucose 
combination compared to the no sugar control. 
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Figure 6. Dark responsiveness of CBB genes in M. polymorpha. (A to F) RT-qPCR differential relative expression 
of CBB genes and the positive control MpPOR gene in three-week-old M. polymorpha in the light and the 4 h to 
72 h dark time range. MpAPT and MpACT were used as negative control reference genes (G to I, next page). The 
grey dotted line represents the continuous light control. Error bars represent standard error of the means (n=3). 
Statistically significant differences were assessed by a Bonferroni adjusted one-way ANOVA. *P<0.05, **P<0.01 
and ***P<0.001 for 4 h, 8 h, 12 h, 16 h, 24 h, 36 h, 48 h, and 72 h of darkness versus continuous light control. 
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Figure 6. (cont.) 
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Figure 7. CBB gene dark response change over time in M. polymorpha. (A to E) RT-qPCR differential relative expression of 
CBB genes and the positive control MpPOR gene in three-week and four-week-old M. polymorpha in the light and 8 h dark. 
MpAPT and MpACT were used as negative control reference genes (F to H). The grey dotted line represents the continuous 
light control. Error bars represent standard error of the means (n=3). Statistically significant differences were assessed by a 
Student’s t-test. No statistical difference (*P<0.05, **P<0.01 and ***P<0.001) for 8 h dark at three weeks of growth versus 
four weeks of growth was observed. 
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Figure 8. Sugar gradient responsiveness of CBB gene expression in M. polymorpha. (A to E) RT-qPCR differential relative 
expression of CBB genes is shown from collected thalli grown on either no sugar, 0.3% and 1% glucose, 0.3% and 1% sucrose, 
and 0.3% and 1% combination of each in ½ B5 solid media for four weeks. MpAPT and MpACT were used as negative control 
reference genes (F to H). The grey dotted line represents the no sugar control. Error bars represent standard error of the 
means (n=3). Statistically significant differences were assessed by a Bonferroni adjusted one-way ANOVA. *P<0.05, **P<0.01 
and ***P<0.001 for 0.3% glucose, 1% glucose, 0.3% sucrose, 1% sucrose, 0.3% sucrose and glucose combination, and 1% 
sucrose and glucose combination versus no sugar control. 
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Figure 9. Counts of significantly over-represented motifs in AtCBB promoters (listed as A. thaliana) and MpCBB 
promoters (listed as M. polymorpha). Motif IDs were considered unique motifs. Refer to Table 9 and Table 10 
for motif enrichment p-values. 
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Figure 10. Network map of top 15 motif enrichment in CBB promoters. (A) Top 15 ranked motif enrichment 
network map in A. thaliana (all significantly over-represented motifs), and (B) in M. polymorpha (only three 
significantly over-represented motifs (AtHGMA, ATHB-6 and AtBZIP17)). Edge thickness represents motif weight, 
or motif abundance across the promoter. Edge color represents the biological function of the transcription factor 
that binds to the motif. The black text represents the transcription factor nodes that bind to the top 15 enriched 
motifs, the grey text represents the 1 kb CBB promoter nodes, and the blue text represents the liverwort genes 
studied in this work.  
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Figure 11. Network map of significantly over-represented motifs in CBB promoters. (A) Statistically significant 
motif enrichment network map in A. thaliana, and (B) in M. polymorpha. Edge thickness represents motif weight, 
or motif abundance across the promoter. Edge color represents the biological function of the transcription factor 
that binds to the motif. The black text represents the transcription factor nodes that bind to the top 15 enriched 
motifs, the grey text represents the 1 kb CBB promoter nodes, and the blue text represents the liverwort genes 
studied in this work. Refer to Table 9 and Table 10 for motif enrichment p-values. 
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